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ABSTRACT 
 
The purpose of this paper is to investigate the effect of the stretchable circuit 
deformation during a thermoforming process on its electrical performance 
for automotive lighting. The thermoforming process was carried out using a 
mould that was developed based on commercially available automotive 
lighting product. The circuit was printed on a 2-D thermoplastic substrate 
using screen printing technique before transformed into 3-D shape through 
the thermoforming process followed by LEDs assembly. The quality of the 
product were characterised before and after the thermoforming process by 
measuring the resistance and resistivity of the circuit. Voltage drops and 
luminance each of the LEDs resulted from the deformation of the circuit were 
compared with the current automotive lighting product. The study shows that 
the new design with stretchable material has similar performance with 
previous design in terms of electrical performance. These findings will 
encourage further development of new design of automotive lighting in the 
future.  
Keywords: Stretchable circuit, Thermoforming, and Circuit Deformations 
 
Introduction 
 
Electronic devices have been developing from time to time due to various 
factors such as low manufacturing cost, long-time endurance, 
environmentally sustainable production methods, recycling, lower energy 
consumption and higher efficiency, and the complex integration of 
electronics systems. These can be achieved through alternative technique and 
advance materials. One of the alternative techniques is advanced circuit 
printing used to prepare conductive patterns directly on flat or even curved 
surfaces. Printing techniques such as screen printing, gravure printing, and 
ink jet are normally used to construct electronic circuits [1]–[4]. Polymeric 
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silver inks have been introduced as the advance material that can be stretched 
and conform to shape of substrate.  
Many researches have been studying the silver inks printed on 
stretchable substrate like polydimethylsiloxane (PDMS) to form conductive 
patterns [5]–[8]. The pattern was characterised in term of resistance changes 
when subjected to a certain percentage of stretch level. The silver was chosen 
and normally used as the conductor rather than gold and copper in the ink 
because gold price is very expensive while the copper is easily oxidised upon 
air exposure. In addition, silver has the lowest bulk resistivity of all the 
elements which is 1.6 x 10-8 Ωm [9], [10]. The conductive inks basically 
comprise of polymer matrix, conductive fillers, solvents and additives. The 
conductive fillers play an important role in order to determine the electrical 
and mechanical properties of the printed pattern which depend on the particle 
content, size and form [11]. 
Curing process of the printed pattern requires certain temperature 
and time to produce a good conductive pattern. During the curing process, 
particles of conductors are heated at desired temperature to form 
interconnections which is called sintering process. The sintering depends on a 
few factors such as organic molecules the particle surfaces, particle size, 
pressure, atmospheric gas, temperature and sintering duration [12]. Increase 
in sintering temperature and time had reduced electrical resistance of the 
printed conductors [3], [13]. Most researchers investigate sintering of silver 
particles at low temperature in order to widen application of printed silver 
inks on thermoplastic substrates that has low glass transition temperature, Tg 
[3]. 
The purpose of the study is to investigate effects of stretchable 
circuit deformation during a thermoforming process on its electrical 
performance using silver ink printed on a flat thermoplastic substrate. The 
product of new method is compared to an existing automotive lighting design 
in order to meet standard automotive lighting requirements.    
 
METHODOLOGY 
 
Figure 1: The whole process flow of manufacturing of new design automotive lighting 
and its performance measurement. 
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This study used a commercially available product shown in Fig 2.(a) as a 
benchmarking model which comprised of LEDs assembly as illustrated in Fig 
2.(b). The geometry of the model was measured by using the coordinate 
measuring machine (CMM) and transferred into Solidworks where the 3-D 
CAD model was developed. Once completed, the drawing file was converted 
into IGS file, which to be used by a CNC machine to fabricate the mould 
from an aluminium block. Several holes 0.3 mm diameter were drilled at 
specified mould geometry in order to remove air between the mould surface 
and the sheet during the thermoforming process. In addition, it also facilitates 
the sheet to deform according to the mould geometry.  
      
                                       (a)                 (b)                                                                             
Figure 2. (a) The original design of automotive lighting (b) Schematic diagram of the 
circuit with LEDs arrangement. 
Polycarbonate (PC) sheet was chosen as a substrate due to its 
excellent mechanical properties, chemical stability and high electrical 
insulation [14]. 1 mm thick sheet of PC was cut into 220 mm x 250 mm 
squares using a shear machine. The dimension of the sheet used was based on 
the mould and clamping size of the thermoforming machine. The sheet was 
pre-dried before the thermoforming process to eliminate blisters or bubbles 
from moisture [15]. 
The sheet was placed on the machine’s conveyor where there was 
suction pressure under the sheet to keep it in position during printing process. 
The screen frame was inserted into machine’s slot above the sheet position as 
shown in Fig 3.(a). The ink was printed on the polycarbonate sheet using 
screen printing technique. A screen with a meshed pattern was used during 
the printing to get a desired electronic circuit shape. The sheet with the 
printed circuit was cured in an oven at temperature 120oC for 30 minutes to 
make sure the ink totally solidified with desired properties [16] and then it 
was cooled freely at ambient temperature.   
In the thermoforming process, the setup arrangement of the machine 
could be illustrated as in Fig 3.(b). The distance between the heating element 
and the sheet was 60 mm and the distance between the sheet and the mould 
was 150 mm. The thermoforming process started with the heating process 
after the sheet had been clamped. The sheet was heated up to 155oC for 33 s 
in order to achieve a softening point [17]. The sheet was deformed according 
to the geometry of the mould and left to be cooled. The thermoforming 
product was removed from the mould and trimmed to discard unwanted parts. 
The finished product of new automotive lighting is as shown in Fig 2.(c). 
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(a)                                            (b)                            (c) 
 
Figure 3. (a) The printing process of conductive ink on the thermoplastic sheet (b) The 
arrangement of material and apparatus during the thermoforming process (c) The new 
design automotive lighting product.   
 
The resistance and the resistivity of the circuit were measured before 
and after the thermoforming process. The resistance was measured by 
connecting multimeter probes at each end of the circuit traces and the 
resistivity was measured by using four point probes at specified positions 
where only at flat areas as shown in Fig 4. These readings were recorded 
before and after the thermoforming process and the percentage differences 
were identified. 
 
Figure 4: The resistance and resistivity measurements at specified traces and the point 
locations throughout the circuit. 
Nine LEDs were assembled on the product by using conductive 
adhesive to attach the LEDs’ joints to the circuit through dispensing 
technique. The product was heated again in the oven at 120oC for 10 minutes 
to cure the adhesive for obtaining good electrical conductivity. 
The completed product was connected to power supply at 12 V 
supported by a driver of the current product in between the connection to 
control the current flow into the circuit. During the power connection, the 
voltage and the current were measured using the multimeter and 
illuminations given out by the LEDs were measured by using Integrating 
Sphere of FEASA spectrometer as depicted in Fig. 5. The Integrating Shpere 
was placed upon each LED and the readings were recorded with integration 
time 300 ms. These measurements were compared with that of the current 
product.   
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Figure 5: LEDs illumination measurement using FEASA Spectrometer. 
    
 
Results and Discussion 
 
Table 1 shows the resistances of the circuit before and after the 
thermoforming process. The resistances increased for each trace after 
thermoforming process with maximum percentage up to 380%. During the 
thermoforming process, each of the traces in the circuits undergoes stretching 
and deformation according to the mould shape. As consequences, the 
circuit’s resistance became higher because the silver flakes interconnections 
became loose which reduced the current paths and more obstacles introduced. 
However, the circuit was heated initially before deforming during the 
thermoforming process. This heating process enhanced the conductivity of 
the circuit since the silver flakes had been through sintering process where 
they were partially melting and fusing together [18]. Thus, the silver flakes 
coalesced to form more current paths and made the resistance became lower. 
This could be proven as illustrated in Fig. 6 where the resistivity of the circuit 
mostly decreased after the thermoforming process.  
The sintering process and the deformation of the stretchable circuit 
occurred sequentially which could affect the resistance of the circuit after the 
thermoforming process. The deformation of the circuit gave significant 
effects at bending areas as illustrated in Table 2 with maximum recorded 
resistance of 1.6 Ω. Even the measurement at corner areas were small, their 
resistance readings were higher than at flat areas which are only 0.4-0.5 Ω. 
The findings indicate that the changes in resistance of the circuit depend on 
the level of circuit’s deformation and amount of heat applied on the circuit. 
Generally, the more the circuit being deformed the higher the circuit’s 
resistance will be and the longer the heating time of the circuit the lower the 
resistance.  
 
 
Table 1: Resistance readings before and after thermoforming process  
 
Trace Resistance Before 
Thermoformed, (Ω) 
Resistance After 
Thermoformed, (Ω) 
Percentage 
Difference, (%) 
1 1.0 4.8 380.0 
2 0.9 3.1 244.4 
3 1.0 4.3 330.0 
4 0.8 2.8 250.0 
 
 
 
Integrating Sphere 
of Spectrometer 
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Table 2: Resistance readings at each corner area 
 
 
Corner No Resistance (Ω) 
1 1.0 
2 0.9 
3 0.7 
4 1.6 
5 1.0 
6 0.7 
7 1.3 
8 1.3 
9 0.9 
10 0.8 
11 1.4 
12 1.0 
13 0.6 
14 0.6 
 
 
 
Figure 6: Sheet resistivity readings obtained before and after the thermoforming 
process 
Table 3 shows the measured total voltage supplied to the new design 
automotive lighting is slightly higher than that of the current design 
automotive lighting but with the same amount of current flow into the circuit. 
The driver primarily regulated the current output which required by the LEDs 
to function. Electrical characteristics of LEDs are less affected by voltage 
fluctuation because they are current devices that require a constant current for 
their operation. Therefore, to deliver 0.013 A of current to the circuit, the 
driver needed to convert the power supply voltage from 12 V to 5.417 V 
without damaging the circuit system. From the total voltage and current 
obtained, the total resistance for the whole circuit could be determined and 
showed that no significant difference between new design and current design. 
Based on Ohm’s law, the changes in resistance will be small when the 
changes in voltage are small because the resistance is directly proportional to 
the voltage. 
Table 3: Electrical properties measurements of the circuits 
 
 
Sample Measured Vt (V) Measured It (A) 
Calculated Rt 
(Ω) 
Current 
Design 
5.315 0.013 126.55 
New Design 5.417 0.013 128.98 
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 Figure 7 shows the luminous flux of light that produced by the 
LEDs of the current design and the new design when connected to the power 
supply. The luminous flux is an amount of light energy emitted per second in 
all direction. The luminous flux depends on how much the current received 
by the LEDs. Increase in the amount of current will increase the luminous 
flux of the LEDs. Since LEDs 6 and 7 possessed the highest voltage drop 
among the LEDs as depicted in Fig. 8, they received more current that passed 
through the LEDs which cause the LEDs 6 and 7 became brighter than other 
LEDs which had more than 0.4 lm. Generally, most of the LEDs have 
slightly different in luminous flux which cannot be detected by visual 
inspection in term of their brightness. The difference gaps between new 
design and current design in term of luminous flux were considered small and 
did not affect the performance of the lighting.    
 
    
 
Figure 7: Luminous flux readings for each LED 
 
 
 
Figure 8: Voltage readings for each LED 
 
 
Conclusion 
 
This study has shown the characteristics of the new automotive lighting 
design in terms of electrical performance. Even the circuit of the new design 
undergoes deformations due to the thermoforming process which involve 
stretching and bending at some areas, it still can provide a good conductivity 
since the calculated total resistance of the new design circuit is slightly higher 
than current design circuit which are 126.55 Ω and 128.98 Ω respectively 
when connected to the power supply. In general, the comparison of the 
electrical performance between the new alternative design and the benchmark 
design of the automotive lighting shows that there was no significant 
difference found between these two lighting designs. Thus, the 
thermoforming process can become the alternative method in manufacturing 
of automotive lighting using the stretchable circuit. 
0.2
0.3
0.4
0.5
1 3 5 7 9
Lu
m
in
o
u
s 
Fl
u
x 
(l
m
) 
LED No 
Current Design
New Design
1.7
1.8
1 2 3 4 5 6 7 8 9
V
o
lt
ag
e
 (
V
) 
LED No 
Current Design
New Design
 
M.F.M. Sharif et al. 
286 
 
References 
 
[1] R. Rudez, J. Pavlic, and S. Bernik, “Preparation and influence of 
highly concentrated screen-printing inks on the development and 
characteristics of thick-film varistors,” J. Eur. Ceram. Soc., vol. 35, 
pp. 3013–3023, (2014). 
[2] M. Pudas, N. Halonen, P. Granat, and J. Vähäkangas, “Gravure 
printing of conductive particulate polymer inks on flexible 
substrates,” Prog. Org. Coatings, vol. 54, no. 4, pp. 310–316, (2005). 
[3] J. Perelaer, A. W. M. de Laat, C. E. Hendriks, and U. S. Schubert, 
“Inkjet-printed silver tracks: low temperature curing and thermal 
stability investigation,” J. Mater. Chem., vol. 18, no. 27, p. 3209, 
(2008). 
[4] J. Perelaer, B. J. De Gans, and U. S. Schubert, “Ink-jet printing and 
microwave sintering of conductive silver tracks,” Adv. Mater., vol. 
18, no. 16, pp. 2101–2104, (2006). 
[5] J. Van Den Brand, M. De Kok, M. Koetse, M. Cauwe, R. 
Verplancke, F. Bossuyt, M. Jablonski, and J. Vanfleteren, “Flexible 
and stretchable electronics for wearable health devices,” Solid. State. 
Electron., vol. 113, pp. 116–120, (2015). 
[6] N. Matsuhisa, M. Kaltenbrunner, T. Yokota, H. Jinno, K. Kuribara, 
T. Sekitani, and T. Someya, “Printable elastic conductors with a high 
conductivity for electronic textile applications,” Nat. Commun., vol. 
6, no. May, p. 7461, (2015). 
[7] J. Yoon, S. Y. Hong, Y. Lim, S. J. Lee, G. Zi, and J. S. Ha, “Design 
and fabrication of novel stretchable device arrays on a deformable 
polymer substrate with embedded liquid-metal interconnections,” 
Adv. Mater., pp. 6580–6586, (2014). 
[8] A. Larmagnac, S. Eggenberger, H. Janossy, and J. Vörös, 
“Stretchable electronics based on Ag-PDMS composites.,” Sci. Rep., 
vol. 4, p. 7254, (2014). 
[9] A. L. Dearden, P. J. Smith, D. Y. Shin, N. Reis, B. Derby, and P. 
O’Brien, “A low curing temperature silver ink for use in ink-jet 
printing and subsequent production of conductive tracks,” Macromol. 
Rapid Commun., vol. 26, no. 4, pp. 315–318, (2005). 
[10] J. Perelaer, P. J. Smith, D. Mager, D. Soltman, S. K. Volkman, V. 
Subramanian, J. G. Korvink, and U. S. Schubert, “Printed electronics: 
the challenges involved in printing devices, interconnects, and 
contacts based on inorganic materials,” J. Mater. Chem., vol. 20, no. 
39, p. 8446, (2010). 
[11] C. L. Lee, K. C. Chang, and C. M. Syu, “Silver nanoplates as inkjet 
ink particles for metallization at a low baking temperature of 
100??C,” Colloids Surfaces A Physicochem. Eng. Asp., vol. 381, no. 
1–3, pp. 85–91, (2011). 
[12] R. Zhang, K. Moon, W. Lin, and C. P. Wong, “Preparation of highly 
conductive polymer nanocomposites by low temperature sintering of 
silver nanoparticles,” J. Mater. Chem., vol. 20, no. 10, pp. 2018–
2023, (2010). 
[13] L. Huang, “Sintering metal nanoparticle films,” no. January, p. 166 p, 
(2012). 
[14] I. Chtioui, F. Bossuyt, M. de Kok, J. Vanfleteren, and M. H. Bedoui, 
“Arbitrarily Shaped Rigid and Smart Objects Using Stretchable 
Interconnections,” IEEE Trans. Components, Packag. Manuf. 
Technol., vol. 6, no. 4, pp. 533–544, (2016). 
[15] N. S. Muralisrinivasan, Update on Troubleshooting in 
thermoforming. Shawbury: iSmithers, (2010). 
 
Effect of Stretchable Circuit Deformation on Its Electrical Performance for A. L. P 
287 
 
[16] “Metalon ® Conductive Inks for Printed Electronics Silver Screen,” 
Tech. Data Sheet. 
[17] “LEXAN * 8010 Film Product Datasheet,” Prod. Datasheet. 
[18] M. L. Allen, M. Aronniemi, T. Mattila, A. Alastalo, K. Ojanperä, M. 
Suhonen, and H. Seppä, “Electrical sintering of nanoparticle 
structures,” Nanotechnology, vol. 19, no. 17, p. 175201, (2008). 
 
 
